To probe for interactions that might underlie the retention of Golgi membrane proteins, we examined the diffusional mobility of Golgi membrane components using fluorescence photobleaching recovery (FPR) . This technique is a powerful tool for investigating the environment of membrane proteins and has revealed several types of interactions that constrain the lateral diffusion of proteins in the plasma membrane (5) . The dynamic properties of intracellular membrane proteins have not been thoroughly explored by FPR because of a lack of appropriate fluorescent labels. Here, we used the Aequorea victoria green fluorescent protein (GFP) (6) as a tag to investigate the diffusional mobility of four Golgi membrane proteins (7), mannosidase II (Man II), -1,4-galactosyltransferase (GalTase), and wildtype and mutant forms of KDEL receptor (KDELR), within the Golgi and the endoplasmic reticulum (ER). We also used fluorescence loss in photobleaching to examine the extent of lateral membrane continuity between Golgi stacks, and within the ER.
Man II and GalTase are "resident" enzymes of the Golgi complex, which function in carbohydrate processing. In contrast, KDELR is an itinerant Golgi component, which recycles to the ER when it binds KDEL ligand (8) . Substitution of asparagine for aspartic acid at position 193 in KDELR, denoted KDELRm, prevents it from redistributing into the ER in the presence of high concentrations of ligand (9) . GFP was fused to full-length Man II at its lumenally orient-A (BFA), which causes Golgi membranes gand-induced recycling of KDELR. ed COOH-terminus (Man II-GFP), to but not other membranes to redistribute into The diffusional mobilities of the GFP chiGalTase truncated at position 60 in its lu-the ER (1 1), further supported a Golgi local-meras within Golgi membranes were exammenal domain (GalTase-GFP), and to the ization of the GFP chimeras ( Fig. 1 (9) . Thus, the GFP tag this region. Fluorescence recovery into the tanuclear Golgi structures (Fig. 1, A to D) . did not interfere with Golgi targeting of photobleached region was rapid for all of the Observations in cells treated with brefeldin KDELR, Man II, and GalTase or with li-GFP chimeras (Fig. 2) . The mobile fraction of The region of Golgi above the dotted line in (A) and (B) or of ER within the boxed area in (C) was photobleached by scanning it three times with the highest laser energy (100% power, 100% transmission). Re-D covery of fluorescence into the photobleached region was then observed by imaging the entire Golgi element at low energy (10% power, 3% transmission) at the times indicated after the bleach. Before photobleaching, the cells in (B) were treated with AIF (30 mM NaF and 50 pM AIC13) for 30 min, and in (C) they were treated with BFA (2 jig/ml) for 1 
hour. (D and E)
Method used to calculate mobile fraction of GFP chi-E meras. Fluorescence intensities in the boxed regions of interest (ROls) were measured before bleaching (Pre) and after recovery (Recovery). The ratio of bleached to unbleached ROls at these two time points were used to calculate the mobile fraction (mobile fraction = ratio after recovery/ratio before bleaching). For KDELRm-GFP, the mobile fraction was 98%, whereas for Man 1l-GFP it was 90%. The absolute fluorescence associated with Golgi elements was lower after photobleaching than before photobleaching because photobleaching removed a significant proportion of total fluorescence from the Golgi. The method described above for calculating mobile fraction is insensitive to this loss. Scale bar in (C) is equivalent to 10 pLm in (C) and 5 (12) . In contrast to cells in control medium, the Golgi of cells treated with aluminum fluoride (AIF) for 30 min showed essentially no recovery from photobleaching (Fig. 2B ). This effect of AIF appeared to be specific to Golgi because GFP chimeras localized within the ER after BFA treatment recovered normally after photobleaching in the presence of AIF (Fig. 2C) . AIF is known to cause extensive binding of peripheral protein complexes to Golgi membranes, similar to the effects of guanosine 5'-O-(3'-thiotriphosphate) (GTP--y-S) (13), which could constrain the lateral movement of Golgi membrane proteins (14) .
Quantitative studies of the mobility of the chimeras were carried out with a conventional (nonscanning) light microscope and laser system designed for FPR experiments (Table  1) . Fluorescence GFP chimeras was determined in a series of images by calculating the ratio of fluorescence intensities for two regions of interest, one m (called FLIP for fluorescence loss in photobleaching). A narrow box across the Golgi complex was bleached repeatedly and the fluorescence loss in Golgi membranes outside this box was followed over time. The GalTase-GFP fluorescence associated with Golgi elements extending outside the box was lost completely after 10 intense illuminations of the boxed region (elapsed time was 360 s) (Fig. 3B) . This observation suggested that during this time period nearly all of the GalTase-GFP had diffused into the box to become photobleached. The Golgi complex at the upper right-hand corner of Fig. 3B , which was contained within an adjacent cell, remained bright, indicating that the low-intensity laser illumination used for imaging between bleaching radiations led to minimal photobleaching. In some cells, fluorescence associated with particular Golgi sites near the bleached line was lost at different rates (Fig. 3 , A and D), suggesting differences in local densities or connectedness (or both) of adjacent Golgi stacks. Movement of GalTase-GFP between Golgi stacks appeared to be mediated by lateral diffusion rather than vesicular transport because FLIP was not slowed at 220C or by energy depletion (17).
The FLIP experiments (18) were consistent with the exceptionally high mobility and diffusion rates of the GFP chimeras in Golgi membranes measured in the FPR studies, and the results imply that Golgi stacks normally are extensively interconnected, with Golgi membrane components moving rapidly from one part of the Golgi to another. Previous studies have demonstrated lateral movement of lipid, but not of protein, across the Golgi (19). The tubulovesicular elements seen connecting membranes of adjacent Golgi stacks in ultrastructural studies (20) could be the conduit by which these proteins and lipids diffuse between adjacent Golgi stacks. FLIP offers a simple method for providing insight into the nature and role of these membrane connections by revealing conditions of and rates of interstack diffusion. Because individual Golgi cistemae are not selectively photobleached in the FLIP experiments, the question remains as to whether intercistemal diffusion occurs within a single stack (21) .
FLIP experiments were also used to investigate the mobility of GalTase-GFP redistributed into the ER by BFA (Fig. 3C) . Repeated photobleaching of a small rectangular region of the ER over 480 s resulted in the complete loss of ER-associated fluorescence from the photobleached cell (including its nuclear envelope). Thus, GalTase-GFP was free to diffuse throughout ER membranes, and all membranes of this compartment are completely interconnected, as expected (22) .
To test whether the diffusibilities of the GFP chimeras in ER membranes were similar to those in Golgi membranes, we measured D by FPR of chimeras redistributed into the ER by either BFA treatment or overexpression of lysozyme-KDEL. Diffusion of the chimeras within ER membranes also was rapid with D ranging from 2.1 x 10' to 4.5 X i0-9 cm2 S-1 (Table 1) , although D values for GalTase and KDELR (with overexpressed ligand) were only half as large as in Golgi membranes. Whether the lower D for these proteins reflects differences in their physical properties and interactions with luminal ER proteins, or reflects differences in the geometry of ER and Golgi membranes, remains to be determined.
These results have important implications for our understanding of Golgi membrane protein retention and mobility. The Table 1 . Diffusion coefficients (D) of GFP chimeras in Golgi and ER membranes. HeLa cells were transfected with GalTase-GFP, Man 11-GFP, KDELR-GFP, or KDELRm-GFP cDNAs with or without lysozyme-KDEL (ligand) cDNA to allow expression of the chimeras. Cells were treated with or without BFA (2 ,ug/ml, for 30 min) before photobleaching (25) . D for Man 1l-GFP was obtained for cells at 37°C, whereas for GalTase-GFP, KDELR-GFP, and KDELRm-GFP, D was obtained for cells at 22°C. D measured at 370C for GalTase-GFP, KDELR-GFP, and KDELRm-GFP closely resembled the values obtained at 220C. The geometric assumption for calculating D was that recovery is due to onedimensional diffusion (25) slposition 193 in ERD2 described in (9) . All constructs were subcloned into the expression vectors pCDLSRa or pcDNA1 (Invitrogen) and transiently expressed in HeLa cells.
17. An additional argument that vesicular traffic does not play a major role in the observed movement of the GFP chimeras during FLIP is that vesicles traveling through the cytoplasm should have an equal probability of fusing with acceptor membranes in stacks that are equidistant from a donor membrane. OL2ARs located in the rostral ventrolateral medulla respond to norepinephrine and epinephrine to decrease sympathetic outflow and reduce arterial blood pressure (1) . This hypotensive effect has been the rationale for the use of clonidine, an x2AR agonist, in the treatment of hypertension (1). There is controversy, however, concerning whether agents such as clonidine, which contain an imidazole moiety, elicit their hypotensive effects by interacting with o2ARs or with a separate so-called imidazoline receptor population (2) . Endogenous agonists of the putative imidazoline receptor population have been described (3) . We explored the role of Ox2aAR, one of three a2AR subtypes (4) (Fig. 1B) . The density of ox2aAR, assessed through use of the 3H-labeled ox2AR antagonist RX 821002, was significantly reduced (80%) in mice homozygous for the D79N aL2aAR compared with wild-type mice ( Fig. 2A) . This reduction in density was not caused by changes in the amount of mRNA encoding D79N aL2aAR (Fig. 2B) . These Ill gel I
